RNA helicases participate in all biological processes involving RNA and are often essential for life[@b1]. Fuelled by nucleoside triphosphate (NTP), these molecular motors perform mechanical work to unwind double-stranded RNA (dsRNA) or to modulate RNA--protein interactions[@b2]. Helicases are structurally similar to each other but target a wide range of specific substrates in a precise spatiotemporal manner[@b3]. However, their exact mechanism of action and the resulting functional impact---as part of large dynamic molecular machinery---remain poorly understood. Upf1 (Up-frameshift 1) is a monomeric RNA helicase belonging to the superfamily 1 (SF1) that is essential for early stages of embryonic development in mice[@b4]. Upf1 is a multifunctional enzyme involved in different DNA- and RNA-related processes that include DNA repair and replication, telomere homeostasis, histone mRNA turnover and Staufen 1-mediated mRNA decay[@b5][@b6][@b7]. The best-documented function of Upf1 concerns its role in nonsense-mediated mRNA decay (NMD). NMD is a quality-control mechanism that eliminates mRNAs containing premature translation termination codons (PTC) and also regulates the expression of numerous mRNAs carrying NMD target features[@b8][@b9]. Upf1 is specifically recruited to NMD targets by an intricate stepwise and translation-dependent pathway[@b8]. In mammals, several NMD factors including Upf1 and its kinase suppressor with morphogenetic effect on genitalia family member 1 associate with ribosomes stalled on premature translation termination codons and bound to the translation termination factor eRF1-3. In the case of spliced mRNAs, the NMD factors Upf2 and Upf3 are recruited onto mRNAs via the exon junction complexes (EJC) loaded by the splicing machinery[@b8][@b9][@b10]. When an EJC is located downstream of the stop codon, Upf1 and SMG1 join the EJC with the help of the RNA helicase DHX34 (ref. [@b11]), to form the decay-inducing (DECID) complex in which Upf1 is phosphorylated by SMG1 (ref. [@b12]). Once phosphorylated, Upf1 and the associated NMD factors trigger mRNA decay[@b9].

The ATPase activity of Upf1 is required for the correct progression of NMD in all eukaryotic organisms tested so far. Structurally, Upf1 is composed of a characteristic double RecA-like helicase domain (HD) flanked by two external and regulatory domains[@b13][@b14]. Both domains are inhibitory and maintain the enzyme inactive through distinct mechanisms[@b14][@b15]. The N-terminal domain, also called CH (rich in Cysteine and Histidine) domain, interacts with the helicase domain to stably wrap the enzyme around the RNA, drastically reducing its helicase activity[@b13]. The inhibition by the CH domain is relieved by its binding to Upf2 which triggers a large conformational change displacing the CH domain from its blocking position onto the helicase domain[@b13]. At the C-terminal extremity, the SQ (rich in Serine and Glutamine) domain that carries important phosphorylation sites of Upf1 also makes intramolecular contacts with the helicase domain to impede ATP hydrolysis[@b14]. In contrast to the CH domain, the mechanism preventing the inhibition by the SQ domain is not yet known. The double inhibition of Upf1 by its external domains is most likely required to keep the enzyme silent until it is activated at the appropriate time frame during NMD. The ATP-dependent activity of Upf1 is notably necessary for complete nonsense mRNA degradation and for the recycling of NMD factors[@b16]. However, the exact mechanism of action of Upf1 as a potential molecular motor on the targeted messenger ribonucleoprotein (mRNP) remains unknown. All the eukaryotic RNA helicases described so far have been shown to locally unwind nucleic acid structures and to translocate over short distances[@b17]. In the case of Upf1, it is not known whether it is able to rearrange mRNP nor whether it acts locally or whether it travels along the mRNA.

Here, to investigate the properties of Upf1, we study its behaviour on single RNA and DNA molecules by combining biochemical and biophysical experimental strategies. We find that the helicase domain of Upf1 is capable of both unwinding double-stranded nucleic acids and translocation on single-stranded nucleic acids over long distances. In addition, we compared the activity of Upf1 in the absence and in the presence of its partner Upf2. Finally, we investigated whether the translocation of Upf1 is hampered by the presence of proteins bound to DNA and RNA, revealing an unexpected potential of Upf1.

Results
=======

Upf1 unwinds long double-stranded RNA
-------------------------------------

We used magnetic tweezers to investigate the hidden mechanical attributes of single molecules of recombinant human Upf1 ([Fig. 1a](#f1){ref-type="fig"})---a strategy for the first time employed to characterize a eukaryotic RNA helicase. The experimental configuration consisted of an RNA hairpin molecule tethered to a glass surface at its 5′ extremity and to a super-paramagnetic bead through a biotin--streptavidin interaction at its 3′ extremity ([Fig. 1b](#f1){ref-type="fig"}). These molecules are tethered on a glass coverslip, in a thin microfluidic chamber constructed from a slit in a 50 μm double-sided tape joining the glass coverslip and a 50 μm thick Mylar sheet on top. Inlet and outlet ports allow changing the buffer conditions by gentle flows. A pair of magnets was used to apply a constant tension *F* to the hairpin. Adjusting the distance between the magnets and the beads from 2 to 0.125 mm, results in forces ranging between 0.1 and 25 pN respectively. The extension of the molecule with time *Z*(*t*) was obtained by tracking the position of the bead using video-microscopy, which provides an accuracy of ∼3 nm (3--4 bases) between two video frames sampled at 30 Hz. For forces lower than ∼17 pN, the RNA hairpin of 156 bp is fully folded while at higher forces, the hairpin is mechanically unfolded ([Supplementary Fig. 1](#S1){ref-type="supplementary-material"}). Under a constant tension, the change in the extension following the opening of one base pair offers a sensitivity of ∼1 nm per bp[@b18].

In the presence of Upf1 helicase domain (Upf1-HD) in saturating ATP conditions, we observed that *Z*(*t*) displayed long and characteristic saw-tooth events ([Fig. 1c](#f1){ref-type="fig"}). The burst rising edge corresponds to the unwinding of the hairpin by Upf1-HD ([Fig. 1c](#f1){ref-type="fig"}, position 2). When the helicase reached the hairpin apex ([Fig. 1c](#f1){ref-type="fig"}, position 3), it translocated on the single-stranded RNA (ssRNA; position 4), and the refolding of hairpin was slowed down by the helicase until it ultimately completely refolded (position 5). The Upf1-HD unwinding and translocation phases of different helicase molecules were irregular and presented many pauses. Both phases may be described as series of unwinding (translocation) events interrupted by pauses as shown in [Supplementary Fig. 2](#S1){ref-type="supplementary-material"}. The duration of these pauses had a nearly exponential temporal distribution characterized by *τ*~pu~ (*τ*~pt~) (unwinding denoted by u and translocation by t, while p stands for pauses); the duration of the unwinding (translocation) events was also exponentially distributed (*τ*~u~ and *τ*~t~). The values of these characteristic times reported in [Supplementary Table 1](#S1){ref-type="supplementary-material"} were typically in the 10 s range. The unwinding and translocation rates present a broad distribution with a peak typically around 0.59 and −0.79 bp s^−1^, respectively, at 26 °C ([Fig. 1d](#f1){ref-type="fig"}). Upf1-HD translocated faster than it unwound (compare rising and falling edges of events, [Fig. 1c](#f1){ref-type="fig"}). To ensure single-molecule activity, we use low Upf1 concentrations that lead to scarce events which have surprisingly long durations: once a Upf1-HD molecule started unwinding a hairpin it proceeded all the way through the 156 bp substrate for \>1,600 s, which are characteristics of a slow but highly processive enzyme ([Fig. 1c](#f1){ref-type="fig"}).

Together with the low enzyme concentration, several pieces of evidence support that a monomer of Upf1-HD unwinds the complete RNA hairpin. First of all, Upf1 has been previously shown to exist as monomer in solution[@b19] and we observed that under our experimental conditions, calmodulin-binding peptide-Upf1-HD does not co-precipitate Upf1-HD ([Supplementary Fig. 3](#S1){ref-type="supplementary-material"}). In addition, we performed unwinding assays to demonstrate that molecules of Upf1-HD do not work cooperatively. To do so, we constructed three RNA--DNA duplexes of 21 bp preceded by 5′-ssRNA of 5, 12 and 54 nts, respectively ([Supplementary Fig. 4a](#S1){ref-type="supplementary-material"}). Unwinding efficiencies were deduced from the proportions of radiolabelled single-stranded DNA (ssDNA) accumulated over time ([Supplementary Fig. 4a,b](#S1){ref-type="supplementary-material"}). Upf1 showed a weak unwinding activity with the substrate containing the shortest 5′-overhang that is not long enough to accommodate the binding of one Upf1 molecule that covers around 10 nts[@b13]. Interestingly, the substrates containing a 5′-overhang long enough to bind one (12 nts) or multiple (54 nts) Upf1 molecules, were unwound with similar efficiencies ([Supplementary Fig. 4a,b](#S1){ref-type="supplementary-material"}).

Together, the results from this single-molecule approach showed that the helicase domain of Upf1 is able to both unwind a long dsRNA of 156 bp and translocate onto ssRNA.

Upf1 unwinds and translocates over long distances
-------------------------------------------------

The difficulty in modulating the conditions under which the RNA hairpin is manipulated, combined with Upf1\'s ability to unwind both dsRNA and double-stranded DNA (dsDNA), as shown by *in vitro* unwinding assays ([Supplementary Fig. 4c,d](#S1){ref-type="supplementary-material"}), compelled us to employ much longer DNA hairpins to dissect the activities of Upf1. We used a DNA substrate previously described[@b20] that contains a hairpin of 1.2 kbp with a 4-nt loop flanked by a 76 nt 5′-biotinylated ssDNA tail and a 146 bp 3′-digoxigenin-labelled dsDNA tail ([Fig. 2a](#f2){ref-type="fig"}). As for the RNA substrate, we observed with this long DNA hairpin that Upf1-HD could fully unwind the hairpin, pass the apex before translocating onto ssDNA (rezipping phase), until the bead reaches its original position ([Fig. 2a](#f2){ref-type="fig"}). The ability of Upf1 to translocate on ssNA could be directly visualized in a force-jump experiment[@b21][@b22]. To do so, we applied a force surge of ∼20 pN lasting a duration δ*t* to transiently unzip the hairpin entirely ([Fig. 2b](#f2){ref-type="fig"}). Upf1-HD remained bound to the ssNA and pursued its translocation, as revealed by a change of extension (δ*z*) measured when the force resumed its original value and the hairpin partially refolded ([Fig. 2b](#f2){ref-type="fig"}).

Next, we varied the force applied to the hairpin to determine whether its unwinding and translocation rates were force dependent. Typically, increasing the applied force enables a passive helicase, which waits for a spontaneous thermal opening of the base pairs, to unwind or translocate with higher rates[@b23]. Interestingly, in the 7--12 pN force range and within our measuring accuracy, Upf1-HD mean rates did not vary ([Supplementary Fig. 5a](#S1){ref-type="supplementary-material"}), demonstrating an active mechanism of unwinding[@b23] (see Discussion).

As observed on RNA substrate, Upf1-HD also translocated faster than it unwound on DNA. The instantaneous rates of Upf1-HD were irregular ([Supplementary Fig. 5b](#S1){ref-type="supplementary-material"}, upper panel), the same alternating pattern of unwinding events interrupted by pauses was observed similar to those observed with the RNA substrate ([Supplementary Table 1](#S1){ref-type="supplementary-material"}). The instantaneous unwinding and translocation rates measured without considering the pauses provided slightly higher values ([Supplementary Fig. 5b](#S1){ref-type="supplementary-material"}, lower panel and [Supplementary Table 1](#S1){ref-type="supplementary-material"}). Pauses during unwinding being longer than the ones during rezipping, explain the mean rate difference between the two phases. While the pauses were more frequent or longer on GC-rich sequences (data not shown), we used an 87% AT-rich hairpin ([Fig. 2a](#f2){ref-type="fig"}, internal panel) to study the rate versus ATP concentration. The unwinding speed of Upf1-HD on this hairpin rises with increasing ATP concentration until it reaches the rate constant *K*~M~ of 1.22±0.2 μM with a saturating speed *V*~max~ of 1.36±0.1 bp s^−1^, showing that the enzyme works at its maximum rate in physiological ATP concentration ([Supplementary Fig. 5c](#S1){ref-type="supplementary-material"}).

Upf1 is a highly processive enzyme
----------------------------------

Upf1-HD is a slow translocase compared with other monomeric helicases like UvrD and NS3 when analysed in comparable conditions[@b24][@b25]. However, it shows a processivity so high that it exceeds the size of the tested hairpins. Upf1-HD reached the end of the 1.2 kb DNA hairpin in 52 unwinding bursts out of 56, and only four bursts were aborted. We calculated a processivity factor *f*~p~ as the ratio of the number of enzymes reaching the hairpin apex over the total number of bursts measured and starting in the first 120 bps of the hairpin ([Fig. 2c](#f2){ref-type="fig"}). Assuming that helicase has a constant probability of detaching in time and sequence, we extrapolated an average processivity of 16±6 kb (see Methods). This property indicates a very strong interaction between Upf1-HD and ssDNA, as further confirmed by a low-force experiment ([Fig. 2d](#f2){ref-type="fig"}). During the course of an unwinding event initiated at *F*=10 pN ([Fig. 2d](#f2){ref-type="fig"}, position 1), the force was reduced to 5 pN that induced after a lag time ([Fig. 2d](#f2){ref-type="fig"}, position 2), the complete refolding of the hairpin ([Fig. 2d](#f2){ref-type="fig"}, position 3). This delay in refolding, corresponds to the time needed before the occurrence of a thermal fluctuation strong enough to bring the two arms of the fork to encircle the helicase (at 5 pN the time distribution of such an event is exponential as seen in [Supplementary Fig. 5d](#S1){ref-type="supplementary-material"}). Surprisingly, when the hairpin was refolded at 5 pN ([Fig. 2d](#f2){ref-type="fig"}, positions 4 and 5), Upf1-HD was not ejected from the DNA but rather entrapped within a DNA bubble. Indeed, after a few minutes, we applied a force surge of 20 pN to open the hairpin ([Fig. 2d](#f2){ref-type="fig"}, position 5), followed by a phase at 10 pN refolding it ([Fig. 2d](#f2){ref-type="fig"}, positions 6). Under these conditions, the blocking position revealed the new Upf1-HD location to be shifted forward by an amount δ*z*, corresponding to the enzyme progression during time interval δ*t*. Repeating this process many times demonstrated that the helicase remained bound to one strand and pursued translocation inside a NA bubble when the hairpin was closed [Supplementary Fig. 6](#S1){ref-type="supplementary-material"}. These data show the very tight association of the enzyme with NA explaining its high processivity.

Upf2-mediated activation at single-molecule level
-------------------------------------------------

We next analysed at the single-molecule level, a larger version of Upf1 containing both its CH regulatory domain and its helicase domain, referred to as Upf1-CH-HD ([Fig. 1a](#f1){ref-type="fig"}). The CH domain allosterically increases the affinity of the protein for the NA, reducing its helicase activity[@b13]. We observed two different behaviours of Upf1-CH-HD molecules ([Fig. 3a](#f3){ref-type="fig"}). Some molecules completely blocked the hairpin refolding after their random binding onto ssDNA ([Fig. 3a](#f3){ref-type="fig"}, left panel). The blocking position remained constant, showing that the enzyme binds but does not translocate. In other cases, we observed an activity of Upf1-CH-HD ([Fig. 3a](#f3){ref-type="fig"}, right panel) comparable to the activity of Upf1-HD. Such activity may be attributed to molecules in which the inhibitory CH domain is flipped out from HD. Analysis of multiple events revealed that about 50% of Upf1-CH-HD remained bound to DNA but immobile, without unwinding activity ([Fig. 3b](#f3){ref-type="fig"}) while the other 50% travelled like Upf1-HD, in agreement with the twofold reduction of the activity of Upf1-CH-HD compared with Upf1-HD in solution[@b13]. As expected, when Upf2 was added, or when the mutant of Upf1^F192E^ preventing the inhibitory effect the CH domain[@b12] was tested, almost all Upf1 molecules became as active as Upf1-HD ([Fig. 3a,c,d](#f3){ref-type="fig"}). Following a strict protocol (see Methods), we have characterized activity versus blocking by the ratio Ac*=u*/(*u+b*) where *u* equals the number of unwinding events and *b* equals the number of binding events. For Upf1-CH-HD, Ac=49% (see [Supplementary Table 2](#S1){ref-type="supplementary-material"} for details). For Upf1-CH-HD/Upf2, Ac=81%. This was confirmed by analysing in the same condition the mutant Upf1^F192E^. For Upf1^F192E^, Ac=99.1%.

For 76±8% of the Upf1-CH-HD/Upf2 binding events, we noticed a characteristic burst shape with a normal rising edge but a falling edge interrupted by blocking ([Fig. 3c](#f3){ref-type="fig"} at 770 s). So, Upf1-CH-HD/Upf2 complex unwound the hairpin completely, and started translocating on ssDNA before stopping after about 100 s. This event suggests that once the complex passed the apex, the fork pressure quickly ejected Upf2 from Upf1 ([Fig. 3c](#f3){ref-type="fig"}). As a result, the unwinding rate of Upf1-CH-HD/Upf2 can be measured ([Fig. 3d](#f3){ref-type="fig"}), but the statistics on translocation is too low to provide a reasonable rate. This scenario was confirmed by assaying the mutant Upf1^F192E^, with which no blocking of the enzyme has been observed ([Fig. 3e](#f3){ref-type="fig"}). Upf1^F192E^ appears to have more regular rates than Upf1-HD or Upf1-CH-HD/Upf2 complex, presenting fewer pauses ([Supplementary Table 2](#S1){ref-type="supplementary-material"}). The mean rates of both unwinding and translocation are somewhat higher as seen in [Fig. 3f](#f3){ref-type="fig"}. Interestingly, this mutant revealed another feature of Upf1^F192E^. Often, this mutant unwound the hairpin (as Upf1-CH-HD/Upf2 complex), passed the apex and started translocating but it rapidly performed a strand-switching event. In this process the helicase direction was reversed and the helicase started unwinding the hairpin again ([Fig. 3e](#f3){ref-type="fig"} at 4,800 and 5,600 s). This strand-switching mechanism severely reduced the processivity of Upf1^F192E^ in the rewinding phase. As seen in [Supplementary Fig. 7](#S1){ref-type="supplementary-material"}, the processivity is only 290 bp in the translocation mode but it is even larger than the processivity of Upf1-HD in the unwinding phase as seen in [Fig. 2c](#f2){ref-type="fig"}. As a result Upf1^F192E^ definitely prefers to unwind a dsDNA than to translocate. This strand switching was also observed for Upf1-HD and Upf1-CH-HD/Upf2 but less frequently (data not shown).

Therefore, our single-molecule approach confirms that Upf2 activates Upf1-CH-HD, and reveals that the enzyme bound to its activator is processive, with a highly efficient activation mechanism (95%).

Upf1 remodels nucleoprotein complexes
-------------------------------------

Finally, to investigate the possible nucleoprotein remodelling activity of Upf1, we tested whether the translocation of Upf1 was hampered by the presence of proteins on the substrate. We first performed a streptavidin displacement assay in which we monitored the ability of Upf1-HD to displace a streptavidin molecule bound to a biotinylated RNA[@b26]. Briefly, the enzyme and the substrate were first pre-incubated before initiation of the reaction by adding ATP, magnesium and an excess of biotin to trap free streptavidin molecules. Time-course aliquots were analysed on native polyacrylamide gel to separate free RNA from streptavidin-bound RNAs. Remarkably, in presence of ATP only, Upf1-HD, Upf1-CH-HD/Upf2 complex and Upf1^F192E^ efficiently displaced the streptavidin with a comparable efficiency while Upf1-CH-HD showed a much weaker activity ([Fig. 4a](#f4){ref-type="fig"} and [Supplementary Fig. 8a,b](#S1){ref-type="supplementary-material"}).

To confirm this Upf1 property, we analysed the progression of Upf1-HD on single molecules of DNA covered by the ssDNA-binding protein Gp32 from the T4 phage. More precisely, we employed the mutant Gp32-B that avidly binds ssDNA without cooperative binding[@b27]. At high force (22 pN) the DNA hairpin was fully opened and incubated with a large excess of Gp32-B to allow its binding ([Fig. 4b](#f4){ref-type="fig"}). The binding of Gp32-B on the opened DNA hairpin is easily detected when refolding the hairpin by lowering the force: the refolding is clearly slower and less regular than in the absence of Gp32-B, since the fork needs to eject bound Gp32-B ([Fig. 4b](#f4){ref-type="fig"}). This assay has already been done over a wider concentration range demonstrating that Gp32 coats ssDNA and the fork removes it as the hairpin refolds[@b28]. A similar behaviour was also observed for ribosomal protein S1 (ref. [@b29]). The slowing down of the refolding increases with Gp32 concentration. Interestingly, the unwinding and translocation activities of Upf1-HD were not altered by the presence of Gp32-B ([Fig. 4c](#f4){ref-type="fig"}). These data demonstrate that the slow but processive translocase activity of Upf1 is sufficient to remodel NA--protein interactions. The pause in the refolding at *t*=3,100 s demonstrates that Gp32-B on the opposite strand has transiently prevented the hairpin refolding; meanwhile the helicase keeps translocating along the ssDNA at the normal rate until the refolding fork reaches again the motor at *t*=3,270 s ([Fig. 4c](#f4){ref-type="fig"}). We could not detect extra pausing of Upf1 induced by Gp32-B.

Discussion
==========

Helicases can carry different biophysical properties including RNA binding, translocation onto ssNA or dsNA, dsNA separation and RNA--protein remodelling over more or less long distance ranging from few nucleotides to several kilobases[@b30][@b31]. Therefore, the term 'helicase\' encompasses a large variety of molecular motors, and a thorough understanding of their mechanism of activity necessitates the development of different and complementary experimental strategies. Our single-molecule approach using magnetic tweezers combined with biochemical assays constitute powerful tools for revealing the multiple facets of Upf1, and notably its highly processive translocation propensity. So far, the only eukaryotic RNA helicases known to translocate was the human SF2 RIG-I RNA helicase involved in antiviral immune response, which is able to translocate onto dsRNA without unwinding the duplex[@b32]. Here, we bring to light a novel and different example by showing that human Upf1 translocates onto ssNA and hence, it is capable of both melting long dsNA and remodelling stable NA--protein interactions. The comparison of Upf1 with other helicases revealed the following peculiar properties of Upf1. (1) Upf1 is phylogenetically close to the SF1 DNA helicase UvrD, playing a key role in DNA repair and plasmid replication in bacteria. In single-molecule experiments, UvrD unwinds DNA with a velocity in the range of 10 nts s^−1^ (refs [@b24]). Upf1 also shares mechanical features with the hepatitis C virus SF2 RNA helicase NS3 that translocates with a velocity in the range of 50 nts s^−1^ (excluding pauses)[@b34][@b35]. Therefore, Upf1 is a slow helicase that progresses at least an order of magnitude slower that UvrD and NS3 studied with similar approaches. (2) Helicases can be considered as passive or active enzymes[@b23][@b36][@b37]. In fact, in the active mechanism the helicase contains a sub-domain that actively destabilizes the duplex while the helicase motor pushes the enzyme as previously observed for PcrA[@b38]. In that case, the melted duplex opens faster than the melting caused by normal thermal fluctuations, so the enzyme rate is limited mainly by the motor biochemistry and is constant, independent of the force applied to the NA fork. We consider that Upf1 is an active helicase because its unwinding rate is independent of the force applied to the substrate extremities ([Supplementary Fig. 4a](#S1){ref-type="supplementary-material"}). (3) A common property of Upf1, NS3 and UvrD is their ability to switch between close templates[@b24][@b25]. While the biological significance of strand switching is still unclear, its occurrence could be explained by an inchworm mechanism of translocation[@b38]. This model postulates the existence of two nucleic acid-binding sites, each located on a RecA-like domain (RecA1 and RecA2 in Upf1). These two domains switch alternatively between tight and weak NA-binding states and move relative to each other in response to ATP hydrolysis cycles[@b38]. During the unwinding phase, while Upf1 is translocating onto one strand, one of its RecA-like domains may contact the opposite strand followed by the second RecA-like domain, leading to unwinding reinitiation on the 5′ side of the hairpin. (4) Our study also revealed the remarkable processivity of Upf1, which exceeds several kilobase pairs without detaching from its substrate. Interestingly, the processivity of Upf1 is comparable to the one of *Escherichia coli* RecBCD[@b39] despite the fact that these two motors must work differently. To maintain its high processivity, RecBCD uses two motor units, RecB and RecD. Each motor progresses on opposite strands with opposite polarity and both form a tunnel around DNA ensuring a tight binding[@b40]. Working as a monomer, the processivity of Upf1 can neither be explained by a comparable bipolar translocation, nor by encircling one strand. Its processivity most likely results from the exceptional binding affinity of both RecA domains with NA. The tight binding of Upf1 with the strand on which it progresses is demonstrated by the ability of Upf1 to pursue translocation after the refolding of the hairpin ([Fig. 2d](#f2){ref-type="fig"} and [Supplementary Fig. 6](#S1){ref-type="supplementary-material"}), a unique feature not seen with any other helicase so far. On the other hand this strong binding may explain the slow rate of this helicase. The precise role played by Upf1 during DNA replication[@b5][@b6] remains unknown but its ability to travel onto DNA over long distance is most likely important for its function. (5) Our approaches allowed determining the ability of Upf1 to overcome obstacles encountered during translocation. The outcome of the encounter between a translocase and ssDNA-binding proteins was analysed for the SF2 helicase XPD[@b41]. Unlike Xeroderma pigmentosum group D helicase, the Upf1 translocation rate was not slowed down by the presence of Gp32-B on the ssDNA. Moreover, we showed that Upf1 could displace a streptavidin block from the RNA substrate. We suppose that the tight association of Upf1 with NA while it is translocating provides a force sufficient to strip-off a wide range of RNA binding proteins bound to RNA. This property is certainly important for its role in the RNA related mechanism to which it participates and notably NMD.

In eukaryotes, \>70 RNA helicases exist, which are involved in almost all RNA-dependent processes[@b17]. Large machineries like the spliceosome and the ribosome require several helicases for their biogenesis and their function[@b42][@b43]. Understanding both the action and the regulation of helicases constitutes an important step to dissect how these machineries work. At least three helicases participate in NMD: DHX34, the DEAD-box helicase eIF4A3 (DDX48) as the central component of the EJC core and Upf1 (refs [@b11], [@b44], [@b45]). In contrast to the two first helicases, Upf1 is essential for NMD. However, several questions remain open---notably concerning Upf1 recruitment to NMD targets, the timing of its binding to RNA and its activation and finally its mode of action as a helicase. Recent studies aiming at identifying the RNA targets of Upf1 in mammals, preferentially detected Upf1 along the entire 3′ untranslated region (3′-UTR) of NMD targets and not in the vicinity of the termination codon[@b46][@b47][@b48][@b49][@b50][@b51]. This picture of Upf1 binding sites may reflect the random binding of Upf1 over the 3′-UTR that is more accessible than the coding region from which RNA binding proteins get displaced by translating ribosomes. Alternatively, it may correspond to snapshot of Upf1 while it is translocating along the 3′-UTR. The fact that Upf1 when repressed by its flanking domains forms a stable clamp, while the activated form slowly translocates over very long distances ([Fig. 3](#f3){ref-type="fig"}), would argue for the second scenario. Also in agreement with this scenario, isolated Upf1 binding sites are enriched upstream of sequences with a higher propensity to form secondary structure and G-rich regions[@b48]. Interestingly, our *in vitro* approach detected identical trends since single molecules of Upf1 unwind dsRNA molecules more slowly than they translocate ([Fig. 1](#f1){ref-type="fig"}) and make pauses more frequently on GC-rich substrates ([Fig. 2](#f2){ref-type="fig"}). Upf1 operates as molecular motor most likely during the late phases of NMD. Briefly, after its recruitment by prematurely terminating ribosomes, Upf1 joins the downstream EJC bound to Upf3 and Upf2 to constitute the DECID complex in which Upf1 is phosphorylated[@b8][@b9][@b12]. Concomitantly, although Upf1 activity is repressed by its two regulatory domains, it is enzymatically turned on notably by its binding to Upf2 and its phosphorylation[@b13][@b14][@b49]. In this complex, Upf1 binds RNA towards the 3′-end[@b52]. When the targeted mRNA is cleaved by the endonuclease SMG6, the helicase activity of Upf1 is required for the disassembly of the 3′ portion of the mRNP and the completion of decay[@b16]. The remodelling activity of Upf1, combined with its remarkable processivity may also serve to rearrange the mRNP far downstream the stop codon paving the way for RNA degradation, as illustrated in [Fig. 5](#f5){ref-type="fig"}. Each mRNA is packed in a specific particle made of a complex set of RBPs essential for finely tune mRNA localization, translation and decay[@b53]. Long-range remodelling by Upf1 may irreversibly affect the fragile equilibrium of mRNP[@b54] and push the mRNA towards degradation.

While Upf1 is the first eukaryotic monomeric RNA helicase proved to be highly processive, other helicases probably possess similar properties. One obvious candidate is the closely related SF1 helicase Mov10 also enriched on the 3′-UTR region of multiple transcripts including some NMD targets bound to Upf1 (ref. [@b46]). Whether Upf1 and Mov10 employ their helicase activity to perform distinct or redundant actions remains an open question.

Methods
=======

Proteins
--------

Human Upf1-HD (295--914 amino acids), Upf1-CH-HD (115--914 amino acids) Upf1-CH-HD-F192E and Upf2 (761--1227 amino acids; [Fig. 1a](#f1){ref-type="fig"}) proteins were cloned in a pet28a (Novagen) derivative plasmid and expressed in *E.coli* BL21(DE3) Rosetta cells. The Upf1 protein truncations were CBP-tagged at the N-terminal and His-tagged at the C-terminal, while Upf2 was His tagged. The cell cultures were grown in 1 l of LB medium and induced overnight at 16 °C. The cells were lysed in buffer A (1.5 × PBS pH 7.5, 225 mM NaCl, 1 mM magnesium acetate, 0.1%(w/v) NP-40, 20 mM imidazole and 10%(w/v) glycerol) supplemented with 100 μg ml^−1^ of egg white lysozyme (Sigma-Aldrich) and with 1 × protease inhibitor cocktail EDTA-Free (Sigma-Aldrich). Soluble lysate was applied to a prepacked nickel column (HisTrap FF crude, GE Healthcare) and fractioned on an Äkta Purifier (GE Healthcare) using a linear gradient from buffer A to B (buffer A added of 0.5 M imidazole) over 20 column volumes. The CBP-fused proteins were subsequently purified on a Calmodulin affinity column. Loading of the samples and column washes were performed with a buffer C (1 × PBS pH 7.5, 150 mM NaCl, 1 mM magnesium acetate, 0.1%(w/v) NP-40, 1 mM DTT, 4 mM calcium chloride and 10%(w/v) glycerol) and elution with the same buffer containing 20 mM EGTA instead of calcium chloride[@b13][@b14][@b15]. To assemble the Upf1-CH-HD/Upf2 complex, 50 nM of both proteins were incubated for 2 h at 4 °C in helicase buffer (20 mM Tris-HCl pH 7.5, 50 mM potassium acetate, 2 mM MgCl~2~, 2% BSA, 1 mM DTT, 0,1 mM EDTA). The Gp32-B protein was cloned in petIMPACT plasmid and expressed into *E.coli* BL21(DE3) cells. The protein purification was performed using a chitin column and analysed for purity using SDS--polyacrylamide gel electrophoresis[@b55].

RNA hairpin production
----------------------

A shorter palindromic sequence was produced from pLacD1 plasmid[@b34] and used as a substrate for RNA synthesis. Two DNA fragments were amplified from pLacD1 by PCR using two pairs of primers HLH1853/HLH2124 and HLH2124/HLH2125 to produce DNA1 and DNA2, respectively ([Supplementary Table 3](#S1){ref-type="supplementary-material"} and [Supplementary Fig. 9a](#S1){ref-type="supplementary-material"}). DNA1 included the first half of the hairpin (156 bp) followed by 105 bp of extra DNA region and an upstream T7 promoter sequence. DNA2 included the second half of the hairpin and 100 extra bp. Both fragments were gel purified and sequenced separately. DNA1 and DNA2 were digested with BglII and ligated together (T4 DNA ligase, New England Biolabs). The resulting fragment was digested with EcoRI and HindIII and cloned into the corresponding sites of pBR322 to originate pHL1030 plasmid (T4 DNA ligase, New England Biolabs; [Supplementary Fig. 9a](#S1){ref-type="supplementary-material"}). A transcription template was obtained by digestion of 1 μg of pHL1030 with HindIII followed by phenol--chloroform extraction and ethanol precipitation ([Supplementary Fig. 9b](#S1){ref-type="supplementary-material"}). The DNA template was *in vitro* transcribed using the HLH1164 oligonucleotide (MegaScript T7 kit, Life Technologies) and the RNA product was purified on denaturing (8 M urea) polyacrylamide (5%) gel as previously described[@b14][@b15]. To introduce biotin moieties at 3′ terminal end of the hairpins, the RNA pellet (60 μg) was re-suspended in 42 μl of diethylpyrocarbonate-treated water before addition of 80 μg of sodium periodate and incubated 90 min at 4 °C in the dark before adding 0.4 μg of biotinamidocaproyl hydrazide (Sigma-Aldrich) followed by an incubation for 20 min at 22 °C in the dark. Then, 0.25 mg of sodium cyanoborohydride was added before incubation for 90 min at 22 °C. The sample was purified twice on G50 column (Bio-Rad) before phenol--chloroform extraction and ethanol precipitation. The pellet was washed with 70% ethanol and re-suspended in DEPC-treated water. The 3′-biotinylated RNA was annealed to 37-nt oligonucleotide handle containing 3′ digoxigenin group (HLH2181, Eurogenetec) The mixture containing 1 μM of RNA/DNA hybrid, 20 mM of MES pH 6.5 and 3 mM magnesium chloride, was heated for 4 min at 95 °C then slowly cooled at 18 °C for annealing. The length and the pairing of RNA stem was confirmed as described elsewhere[@b20].

DNA substrates for single-molecule measurements
-----------------------------------------------

The DNA 1.2 kbp substrate used in the single-molecule studies is a 1,239 bp hairpin with a 4-nt loop, a 76-nt 5′-biotinylated ssDNA tail and a 146 bp 3′-digoxigenin-labelled dsDNA tail[@b20]. The shorter DNA hairpin substrates were all synthesized by hybridizing and ligating oligonucleotides (Eurogentec) as depicted in [Supplementary Fig. 10](#S1){ref-type="supplementary-material"}. The oligonucleotide sequences are listed in [Supplementary Table 3](#S1){ref-type="supplementary-material"}. Briefly, two oligonucleotides (B1 and B2) were annealed to form a stem. A short hairpin (oligonucleotide C) and two ssDNA arms (oligonucleotides A1 and A3) were annealed and ligated (T4 DNA ligase, New England Biolabs) to the compatible ends of the stem. The primer A1 contained biotin at the 5′ end to attach the molecule to magnetic bead and A3 was modified by adding digoxigenin at the 3′ end for the binding to the glass surface. The digoxigenin label was incorporated by annealing the primer (A2) to the template strand and filling in the overhang with Klenow Fragment (3′→5′ exo-, New England Biolabs) in the presence of dUTP-digoxigenin (Roche). The hairpin products were purified with NucleoSpin Extract II Kits (Clontech). In order to synthesize the AT DNA hairpin the oligonucleotides B1 and B2 were replaced by B3 and B4, respectively. The GC-rich hairpin synthesis has been previously described[@b56].

Experiment with magnetic tweezers
---------------------------------

We used a PicoTwist magnetic tweezers instrument ([www.picotwist.com](http://www.picotwist.com)) to manipulate individual DNA and RNA hairpin molecules. The DNA hairpins were attached by the 5′ biotinylated extremity to streptavidin-coated magnetic beads (Dynabeads MyOne streptavidin T1, Life Technology) and by a 3′ digoxigenin modified extremity to a anti-Dig-coated glass surface. The RNA hairpins were attached to the magnetic bead by the 3′ biotinylated extremity and to a glass surface via a digoxigenin modified oligonucleotide handle. For both DNA and RNA substrates, the glass coverslip was treated with anti-digoxigenin antibody (Roche) and passivated with 1 × P Buffer (1X PBS pH 7.5, 0.2% pluronic surfactant, 5 mM EDTA, 10 mM sodium azyde, 1 U μl^−1^ of RNase inhibitor (Ribolock, Thermo scientific) and 0.2% of BSA (Sigma-Aldrich). The beads were trapped in the magnetic field generated by a pair of magnets located above the reaction chamber. Forces in the pN range were calibrated using the horizontal Brownian motion[@b21][@b22].

Single-molecule helicase assay
------------------------------

Experiments were conducted at 37 °C for DNA and 26 °C for the RNA, unless otherwise mentioned. The helicase buffer was 20 mM Tris-HCl pH 7.5, 75 mM potassium acetate, 3 mM magnesium chloride, 2% BSA, 0.5 mM DTT, and 2 mM ATP. The Upf1 concentration indicated was the lowest possible to observe helicase activity in single-molecule conditions. During the helicase assays, DNA hairpins and RNA hairpins were maintained with a constant force in the range of 8--12 pN.

Single-molecule data analysis
-----------------------------

Raw data, corresponding to the real-time evolution of the DNA extension in nanometre, was converted into number of unwound base pairs using a calibration factor determined by the elastic properties of ssDNA or ssRNA.

*In vitro* helicase assay
-------------------------

RNA--DNA hybrids were made with the same DNA oligonucleotide of 21 nt (HLH 1172) annealed to three different complementary RNA to form 5′ ssRNA overhang of 5, 12 and 54 nt ([Supplementary Fig. 3a](#S1){ref-type="supplementary-material"}). Transcription of the RNAs, radiolabelling of DNA oligonucleotide, purification of the substrates and unwinding assay were performed as previously described[@b14]. The oligonucleotides used to produce RNA substrates are listed in [Supplementary Table 3](#S1){ref-type="supplementary-material"} (HLH1164, HLH1376, HLH1377 and HLH2653).

Upf1/Upf2 activity protocol
---------------------------

To measure activity we have used the following protocol: any traces shorter than 1,000 s or those presenting no binding or no unwinding were disregarded. From the remaining bead traces, we selected those where the enzyme was seen unwinding the hairpin (as in [Fig. 3a](#f3){ref-type="fig"} right) from those where the hairpin presents a blockage by a stationary helicase (as in [Fig. 3a](#f3){ref-type="fig"} left). The activity was defined as Ac=*u*/(*u+b*) where *u* equals the number of unwinding events and *b* equals the number of binding events.

Streptavidin displacement assay
-------------------------------

The streptavidin displacement assay was performed using the helicase domain of Upf1 on a 3′-biotinylated 30-mer RNA substarte bound to a Streptavidin monomer (Promega). The mixture is prepared by mixing 1 nM of the substrate with 60 nm of Upf1-HD enzyme in a F-100 buffer (20 mM MES pH 6.0, 100 mM potassium acetate, 1 mM DTT, 0.1 mM EDTA). A preincubation of 5′ was performed before the enzymatic reaction was initiated by adding 2 mM ATP together with 4 μM of free biotin.At defined incubation times, 2 μl of reaction aliquots were mixed with 5 μl of quench buffer (150 mM NaAc, 10 mM EDTA, 0.5% (w/v) SDS, 25% (w/v) Ficoll-400, 0.05% (w/v) xylene cyanole and 0.05% (w/v) bromophenol blue) in a preset tubes, and immediately loaded on the running gel. Samples were separated by 8% (w/v) polyacrylamide gel containing 0.3% of SDS and detected using a Typhoon 9400 phosphorimaging system and the ImageQuant software (GE Healthcare).
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![Upf1 helicase activity on RNA.\
(**a**) Organization of Upf1 and truncated versions (grey arrows) used in this study, Upf1-HD and Upf1. (**b**) Schematic representation of the RNA used for the magnetic tweezers set-up. (**c**) Experimental trace showing the activity of Upf1-HD in saturating concentration of ATP. The number of unwound bases is deduced from the molecular extension *Z*(*t*) obtained at *F*=10 pN. From 5,600 to 6,440 s (steps 1--2) the helicase unwound the 156 bp RNA hairpin. From 6,640 to 7,200 s (steps 4--5) the RNA hairpin refolded, while Upf1-HD translocated on ssRNA reaching the 3′ extremity. (**d**) Distribution of unwinding and translocation rates of Upf1-HD on RNA. (The data corresponds to Upf1 activity observed over 14,400 s, travelling along 2,850 bps in 12 bursts, error bars are s.d.).](ncomms8581-f1){#f1}

![Single-molecule characterization of Upf1 processivity.\
(**a**) Trace obtained with a 1.2 kb DNA hairpin. A series of force surges (from 0 to 250 s) were applied to the hairpin, exposing single strand, favouring Upf1 binding. This saw-tooth event consists of unwinding (250 and 1,600 s) and ssDNA translocation (1,600 and 2,230 s) of Upf1-HD. (Inset) Similar event with a 180-bps AT-rich DNA hairpin. The GC-rich sequence close to the apex leads to pauses (1,530 and 1,800 s). (**b**) Single strand translocation process observed during a force-jump assay. The amount δ*z* that Upf1-HD has travelled during the force surge lasting time interval δ*t* is read when the hairpin refold. (**c**) Relative processivity of fully active Upf1 forms represented by the processivity factor: Upf1-HD *f*~p~=52/56, Upf1-CH-HD/Upf2 *f*~p~=24/25, Upf1^F192E^ *f*~p~=55/56, error bars are s.d. (**d**) Force modulation (red) in time and molecule extension (blue) showing that Upf1 is active in a DNA bubble. In phases 1 and 5 Upf1-HD unwinds at 10 pN. In phases 2 and 3, *F* was reduced to 5 pN (1,140 and 1,240 s). During a transient (1,140 and 1,164 s) the helicase still blocked the fork, and in phase 3 the unwound ssDNA arms passed over the helicase so that the hairpin fully refolds, enclosing Upf1-HD within a bubble. In phase 4, a force surge to 21 pN (1,240 and 1,252 s) fully re-opens the hairpin. In phase 5, reducing *F* to 10 pN refolds the hairpin partially since the fork is blocked again by Upf1-HD. During the entire time interval (δ*T*) the helicase had slowly progressed within the DNA bubble and was not expelled.](ncomms8581-f2){#f2}

![The binding of Upf2 to CH domain activates Upf1-CH-HD unwinding and translocation.\
(**a**) Experimental magnetic tweezers traces corresponding to the two types of enzymatic activity detected for Upf1 on DNA hairpin. On the left, Upf1 binds on ssDNA (starting at 231 s), blocking the rezipping of the hairpin. On the right the enzyme is active. (**b**) Histogram of relative activity of Upf1-CH-HD, Upf1-CH-HD/Upf2 complex and Upf1^F192E^ mutant (see text, error bars are s.d.). (**c**) Trace of human Upf1-CH-HD/Upf2 complex (left panel) unwinding steadily and completely the DNA molecule, passing the apex, pursuing its translocation and refolding the DNA hairpin. At *t*=675 s, the complex makes two strand-switching events before finally stopping its activity leaving the hairpin blocked (at *t*=687 s). This trace is atypical since the Upf1-CH-HD/Upf2 complex translocates for some time before stalling; for most bursts, the complex stops very quickly after passing the apex. (**d**) Distribution of instantaneous unwinding rate of the Upf1-CH-HD/Upf2 complex; the number of translocation events is too small to allow the same measurement (error bars are s.d.) (**e**) Experimental magnetic tweezers trace showing the molecular extension as a function of time obtained for the Upf1^F192E^ mutant on a DNA hairpin. Notably, during translocation on ssDNA (*t*=4,700 and 5,500 s) Upf1^F192E^ switches strands before the hairpin is completely refolded and starts a new unwinding run followed by a translocation. (**f**) Distribution of unwinding and translocation velocities of Upf1^F192E^ (error bars are s.d).](ncomms8581-f3){#f3}

![Active translocating Upf1 disrupts protein--NA interactions.\
(**a**) Time course for streptavidin displacement from 3′-biotinylated RNA by Upf1-HD translocation. Data points ([Supplementary Fig. S5a](#S1){ref-type="supplementary-material"}) were fitted with *y*=*A*(1−*e*^*--kt*^)[@b57] (error bars are s.d.) (**b**) Force-jump experiment showing that Gp32-B (300 nM) covers ssDNA. In the absence of Upf1, when the hairpin is open, Gp32-B binds DNA, as seen by the slowdown of the DNA hairpin refolding (from 4,080 s to about 4,082 s, *F*=8 pN, refolding rate of 1,000 bp s^−1^). Gp32-B is known to efficiently bind ssDNA with a dissociation rate measured as ∼1 molecule per second on 65 bp s^−1^ (refs [@b58], [@b59]). (**c**) Single-molecule analysis of Gp32-B displacement from ssDNA by translocating Upf1-HD (from 2,840 to 3,480 s) The Gp32-B protein was stripped off from ssDNA in presence of Upf1-HD and ATP (right panel). During Upf1 translocation, Gp32-B attached on the displaced strand may transiently block the fork refolding as seen in the time window (from 3,080 to 3,270 s).](ncomms8581-f4){#f4}

![Model proposed for the late phases of NMD.\
On premature translation termination, Upf1 and associated factors are recruited by stall ribosomes. At this stage, the helicase Upf1 (written in red) is inactive. Then, Upf1 joins Upf2 and Upf3 bound to an EJC to form the DECID complex is which Upf1 (written in green) is activated. Finally, being highly processive, Upf1 translocates toward the 3′-end extremity of the mRNA to remodel the mRNP leading to mRNA decay.](ncomms8581-f5){#f5}
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